ABSTRACT
INTRODUCTION

28
The phyllosphere is a habitat on the surface of plant leaves, colonized by a variety of bacteria, yeasts and 29
The previous studies show that the impact of leaf age and seasonal variations on the phyllosphere 48 communities are not clear (14) (15) (16) (17) (18) . It can be hypothesized that phyllosphere communities will change with 49 time due to decline in nutrient supply when the leaf matures, selection of the different leafy greens for 50 specific microbiota or weather effects. The objective of our study was to determine the succession patterns 51 in microbial communities on the surface of leafy greens throughout the growing season (April-September) 52 to see how the communities change over time and with leaf maturity. Due to the increased concern about 53 The filters were ground in liquid nitrogen using a pestle and mortar, and added directly to the lysis buffer 85 of the DNeasy Plant Mini Kit (Qiagen, GmbH, Hilden, Germany) . From each NGA plate, up to ten 86 phenotypically different single bacterial colonies were repeatedly streaked onto new NGA plates to obtain 87 pure cultures. The isolates were grown on NGA agar plates at room temperature and stored in glycerol 88 stocks at -80 °C. One loop with bacterial growth from the pure culture was suspended in 1 ml sterile 89 MilliQ water and incubated at 100 °C on a heating block. The lysate was used directly as a template for 90 the PCR amplification. 91
Analysis of the 16S rRNA gene by Sanger sequencing 92
A 500 bp fragment of the 16S rRNA gene (V6-V8 variable regions) was amplified for sequence analysis 93
by PCR using the primer pair F985PTO/R1378 (F985PTO: 5'-AACGCGAAGAACCTTACSC-3' / 94 R1378: 5'-CGGTGTGTACAAGGCCCGGGAACG-3') (20). The PCR mix (25 µl) contained 0.4 mM of 95 each primer, 0.2 mM deoxynucleoside triphosphates (dNTPs), AmpliTaq DNApolymerase (1.5 U, 96
Applied Biosystems, Foster City, CA, USA), 0.25 µL bovine serum albumin (BSA) and 2.5 μL template. 97
The PCR cycle consisted of denaturation at 95 °C for 3 min, followed by 35 cycles (95 °C for 1 min, 55 98 °C for 30 s, 72 °C for 30 sec) and final extension at 72 °C for 5 min. PCR products were analyzed on a 1% 99 agarose gel in TBE buffer by electrophoresis. Sequencing was performed at GATC Biotech and the 100 sequences were assembled and analyzed using CLC Main Workbench 6. 101 6 Kit (Qiagen, GmbH, Hilden, Germany). The sequencing was performed at Norwegian Sequencing Center, 109
Oslo, Norway, on the Illumina MiSeq platform using the 300 bp paired end protocol. The sequences are 110 available in the European Nucleotide Archive (ENA) database under the project identification number 111
Sequences were preprocessed and analyzed using Mothur v1.33 (21), following the Mothur standard 114 operating procedure (22, 23) . In short, the sequences were trimmed and processed and aligned using the 115
Bacterial SILVA SEED database as a template (http://www.mothur.org/wiki/Silva_reference_files). 116
Sequences which originated from chloroplast and mitochondria were removed from the dataset. 117
Potentially chimeric sequences were detected and removed using chimera uchime (24), and the remaining 118 sequences were called "filtered sequences". The aligned filtered sequences were classified using 119 "Trainset9_032012.pds" from the Ribosomal Database Project (25), and clustered into OTUs defined by 120
97% similarity. 121
The sequence libraries were further characterized to determine the degree of diversity and 122 similarity of the microbial communities present in the different samples. The Shannon (H0) and Simpson 123
(1/D) indices were used to establish relative diversity levels, and Chao I was used to provide estimates of 124 species richness that might be expected if more exhaustive sampling were to occur (Table S1 ). Pairwise 125 comparison on a subset (based on 9549 random sequences from each sample) using weighted UniFrac 126 (26), was performed to test if the bacterial communities in the fields were significantly different.
RESULTS
134
Altogether, 51 samples of conventional field grown leafy greens (D. tenuifolia and L. sativa) were 135 collected from two farms in south-eastern Norway during three subsequent plantings in the growing 136 season of 2013 (Table 1) . 137
Identification of culturable bacteria using Sanger sequencing 138
An aliquot of the rinsing solution from the L. sativa samples were plated out on nutrient glucose 139 agar (NGA) agar and a total of 162 bacterial isolates were obtained. Sequencing of part of the 16S rRNA 140 gene showed that the isolates represented 26 genera and four bacterial phyla: Proteobacteria, 141
Actinobacteria, Firmicutes and Bacteroidetes. Pseudomonas (30%) was the most abundant genus followed 142
by Arthrobacter (12%), Pantoea (10%) and Acinetobacter (8%). 143
Comparison of phyllosphere communities using Illumina MiSeq 144
Out of 51 samples of leafy greens (Table 1) , a total of 4 363 870 filtered bacterial 16S rRNA 145 sequences were obtained from MiSeq sequencing (Table S1 ). There was a significantly higher number of 146
OTUs from samples collected at three weeks after planting ( Figure 1A ) compared to samples collected at 147 harvest, calculated using a basic one way ANOVA with Tukey's range test (P = 0.002). These results were 148 not consistent in all samples, and the second planting (V3-2 and VH-2, B3-2 and BH-2) separated from 149 the others at both locations with a similar OTU abundance in three weeks and harvest ( Figure 1B) . A 150 higher number of genera were also found at three weeks after planting (540 genera) compared to harvest 151 (472 genera). 152
The weighted UniFrac method showed that the bacterial communities identified in the samples 153 collected at harvest and three weeks after planting were significantly different (P <0.001). The comparison 154 between L. sativa sampled three weeks after planting and at harvest was illustrated by β-diversity 155 phylogeny using jclass calculator (Jaccard index) based on the weighted UniFrac distances (Figure 2 
Identification of bacterial community compositions using Illumina MiSeq 159
The distribution of sequences from the L. sativa samples collected three weeks after planting 160 could be assigned to the following phyla: Proteobacteria (76%), Actinobacteria (11%), Firmicutes (5%) 161
and Bacteroidetes (4%) (Table 2; Figure 3 ; Figure 4A ). The dominating phyla associated with L. sativa 162 leaves at harvest could be assigned to Proteobacteria (87%), Bacteroidetes (6%) and Actinobacteria (4%) 163 (Table 2 ; Figure 3 ; Figure 4A ). Proteobacteria was also the most abundant phylum (60%) found in the D. 164 tenuifolia samples collected at harvest (Table 2; Figure 3B ; Figure 4A ). 165
The overall most commonly represented genus in the L. sativa samples and the D. tenuifolia 166 samples was Pseudomonas (Table 2) Enterobacteriaceae was more abundant in Frillice (12%) compared to the other varieties at three weeks 175 after planting. At harvest, Oxalobacteraceae had a higher abundance in Iceberg (43%) and Frillice (34%), 176 than in little Gem (14%). There was more Flavobacteriaceae (21%) in D. tenuifolia andTo investigate more closely the main bacterial distribution at three weeks after planting and at 181 harvest, and the possible seasonal effect observed in both planting two and three, we used the method 182
Metastats (27) to statistically evaluate the differential abundance of the OTUs in selected groups ( Table  183 S2). This analysis showed that Actinobacteria, Acidobacteria, Planctomycetacia and Verrucomicrobia 184 were the significantly different phyla three weeks after planting, while Proteobacteria (genera Duganella, 185
Pedobacter and Rhizobium) was most abundant at harvest. Samples collected at harvest at the second 186 planting, from both Buskerud and Vestfold, showed a similar microbial profile regarding phyla and 187 genera. analysis. This is consistent with previous studies of bacterial communities on leafy greens (11, (13) (14) (15) 30) . 197 Our results showed that Proteobacteria and Bacteroidetes were the most abundant phyla at harvest. This is 198 (17). With respect to the second planting in our study, the bacterial richness remained 213 consistent at both sites, and they also had a similar microbial profile that separated them from planting one 214 and three ( Figure 1B ; Table S2 ). Figure 6 shows that planting two had a higher temperature at harvest at 215 both locations compared to planting one and three, which may partly explain the separation of planting 216 two from one and three. The β-diversity tree (Figure 2) showed that not all samples collected three weeks 217 after planting and at harvest clustered. Two samples, VH-2 collected at harvest in Vestfold and B3-3 218 collected three weeks after planting in Buskerud, were in the "three weeks after planting" and the 219 "harvest" clade, respectively (Figure 2) , suggesting that the bacterial community composition changes 220 with season and not solely by leaf maturation. This confirms the findings by Williams et al (15) where a 221 first time seasonal effect on the diversity of phyllosphere microbiota was reported for an annual plant at 222 one site. Other studies have also observed seasonal variations in terms of the bacterial community 223 composition of the phyllosphere of different plant species (8, 14, 31), but clearly further in-depth studies 224 on seasonal effects is needed. 225
Actinobacteria were more prevalent in the samples collected at harvest at farm Vestfold (6%) 226 compared to farm Buskerud (4%) ( Table 2) . This is likely due to the fact that the L. sativa plants at farm 227 Vestfold were exposed to open soil, while the soil at farm Buskerud was covered with plastic film. 228
Consequently the L. sativa plants at farm Vestfold could easily be colonized by soil bacteria since the 229 plastic barrier was lacking and Actinobacteria are abundant in soil (32). Our study may suggest that the 230 growing environment (soil) also affects the composition of bacterial communities associated with leafygreens. D. tenuifolia and L. sativa at Farm Buskerud were irrigated with water from the same source (river 232 water) and grown on the same type of soil. However, river water cannot be considered as a homogenous 233 inoculum source to different crops on a single farm. Recently, airborne bacteria have been shown to be 234 important in forming initial phyllosphere communities (33-35). Further studies of air, soil and water 235 samples should be done for identification of possible inoculum sources. It should be mentioned that all L. 236 sativa samples were sown in greenhouse and grown for two weeks before planting in the field, but 237 previous studies have shown that indoor grown L. sativa plants have lower total bacterial quantities than 238 field grown, and that field microbiota can successfully colonize plants grown indoors (35) . This suggests 239 that the green house period have not influenced the studied lettuce microbiota largely. that there is a shift in bacterial diversity during the planting, suggests that the leaf dwelling bacteria are not 246 only passive and random inhabitants, but indeed influenced by the leafy green species they colonize. 247
Pantoea and Sphingomonas were the only genera identified in all our samples. This is in contrast 248 to other surveys of leafy greens were Pseudomonas, Bacillus, Massilia and Arthrobacter were among the 249 genera present in all samples (11, 14) . Bulgarelli et al. (30) 
defines Pseudomonas, Pantoea, Massilia and 250
Sphingomonas as part of the core phyllosphere communities. Pseudomonas is also found in several other 251 studies to dominate in the phyllosphere (5-7, 13, 14) . Spingomonas was identified in all our samples in 252 contrast to previous investigations of leafy green phyllosphere (14). However, Sphingomonas has been 253 reported to be prevalent in other studies of leaf microbiota on other plants (31, 37), and is known to 254 contribute to plant health (30). A comprehensive knowledge of the drivers of bacterial community 255 structure in the phyllosphere is utmost important in developing new strategies for plant protection.
Genera identified in this study also include important plant pathogens like Pantoea, 257
Pseudomonas, Rhodococcus and Xanthomonas, as well as plant symbiotic Rhizobium. The genus 258
Xanthomonas was present in 44 of 51 samples in variable abundance (0.1-14%). In contrast, Xanthomonas 259 was present in only 33 of 88 samples in a survey from California (14). Pantoea, which is a member of the 260 Enterobacteriaceae family, is also found to be one of the major genera in other studies of the leafy green 261 phyllosphere (5, 11, 14) . The genus Pantoea includes several species that are generally associated with 262 plants as either epiphytes or pathogens and some species can cause disease in humans (38). One sample 263 (54, from B3-2, Figure 2 ) separated from the clades, and we found most sequences (97%) belonging to 264 genus Pantoea. This suggests a plant pathogen infection; however no symptoms were visible on the L. 265 sativa. Also other genera of the Enterobacteriaceae family were prevalent across all samples, such as 266
Cronobacter, Proteus, Providencia and Yersinia. Other genera from the Enterobacteriaceae family, 267
Salmonella and Escherichia, which include potentially harmful human pathogens, were not found in our 268 study. Our study does not confirm the findings by Williams et al (15) 
which identified OTUs from the 269
Enterobacteraceae family that did not classify to any known genera and therefore suggests the presence of 270 novel bacterial species unique to the phyllosphere. 271
This study provides novel ecological insight in development of bacterial communities on leafy 272 greens. A shift in bacterial community composition and richness could be observed over time throughout 273 the growing season. We suggest that host-microbe interactions play a role over time in shaping niches 274 favoring the growth of particular taxa. A notable degree of variability in distribution of phyllosphere 275
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